For many years, a major effort of nuclear physics has been the determination of the nucleon electromagnetic form factors. In the Breit frame, the Sachs representation of the elastic form factors, G E and G M , represent Fourier transforms of the charge and magnetization densities of the nucleon; the same interpretation is also obtained at low Q 2 in the nucleon rest frame. Precise experimental determination of these form factors imposes stringent constraints on models of baryon structure.
In the past, the Q 2 -dependence of the proton form factors [1] [2] [3] [4] [5] [6] has been measured using the Rosenbluth separation technique. Extracting the form factors requires performing a set of measurements at fixed Q 2 while varying the electron scattering angle θ e and the incident electron beam energy E. Because the technique relies on absolute cross-section measurements, it is sensitive to systematic errors in E, E (the scattered electron energy), and θ e .
The Rosenbluth separation technique has also been used to determine the Q 2 -dependence of the neutron form factors via quasielastic electron-deuteron scattering [7] [8] [9] [10] . Consequently, the extraction of the neutron information is sensitive to deuteron wave function models. It appears possible, however, using polarization techniques (such as d( e,e n )p [11] ) to determine the neutron form factors in a nearly model-independent fashion. This requires that polarization observables measured on the deuteron for quasifree kinematics be insensitive to specifically nuclear mechanisms such as Final State Interactions (FSI), Meson Exchange Currents (MEC), and Isobar Configurations (IC). Since recoil polarimetry can be used for both neutrons and protons, it is possible to test these assumptions using the complementary reaction d( e,e p )n and directly compare the results to those obtained using recoil polarization in elastic proton scattering.
In the p( e,e p ) reaction, there are, assuming one-photon exchange, two helicitydependent polarization observables [12] [13] [14] :
The subscripts t and refer to the recoil proton's polarization components in the electron scattering plane, either transverse or longitudinal to its momentum. The first subscript in the polarization transfer coefficients D t and D refers to the electron's longitudinal polarization. The electron beam helicity is denoted by h, I 0 is the unpolarized cross section (excluding σ M ott ), and τ = Q 2 /4M. The measurement of polarization observables is of interest because they result from the interference between amplitudes and thus may be linear in small, interesting quantities rather than quadratic (as in cross-section measurements). An example of this is G p E in P t . It is increasingly difficult to measure G p E as Q 2 becomes large (> ∼ 1 (GeV/c) 2 ) using Rosenbluth separation because the cross section is kinematically dominated by G p M . Note that the ratio of P t /P gives the ratio of the form factors G p E /G p M independent of the beam helicity:
Because these two polarization observables are measured simultaneously, this technique avoids a major systematic uncertainty of the Rosenbluth method. A recoil polarization component normal to the (e,e ) plane, P n , may, for example, be induced by FSI. Such a polarization is helicity independent, unlike the above longitudinal and transverse polarizations. For elastic scattering from a proton, P n vanishes in one-photon exchange. Comparing the measured polarization observables in both p( e,e p ) and d( e,e p )n scattering allows a sensitive, model-independent test of the impulse approximation for the deuteron.
The experiment [15] [16] [17] was performed at the M.I.T.-Bates Linear Accelerator Center during the winter of 1995. A longitudinally polarized electron beam of 580 MeV with a current ranging from 5-15 µA and a 1% duty factor was incident on a cryogenic target. The target had cells for both liquid hydrogen and deuterium. The hydrogen and deuterium target cells were 5 and 3 cm in diameter, respectively. They were alternated in the beam every 8-12 hours. The scattered electrons were detected in the Medium Energy Pion Spectrometer (MEPS) while the scattered protons were detected in the One-Hundred Inch Proton Spectrometer (OHIPS). Both spectrometers contain two focussing quadrupoles followed by a vertically-bending dipole. MEPS had a 14 msr solid angle acceptance while OHIPS had a 7.0 msr solid angle acceptance. The momentum acceptances were ±10% and ±5%, respectively. A focal plane polarimeter (FPP) built by the experimenters was installed on OHIPS, allowing the polarization of the outgoing protons to be measured. Data were acquired at two different electron scattering angles, 82.7
• and 113
• corresponding to four-momentum transfers squared of 0.38 and 0.50 (GeV/c) 2 . The FPP consists of four two-plane multiwire proportional chambers, two each before and after a graphite analyzer, allowing the proton trajectory to be determined both before and after it scatters in the graphite. The analyzer thickness (7 cm and 9.5 cm for the 0.38 and 0.50 (GeV/c) 2 Q 2 measurements, respectively) was chosen to optimize the figure of merit. Scattering angles θ in the graphite could be resolved to ≤ 1
• and the FPP provided complete azimuthal coverage for θ ≤ 20
• . The device was calibrated in a direct beam of polarized protons at the Indiana University Cyclotron Facility (IUCF) in February of 1993 [18] .
The angular distribution of the 12 C(p,p ) scattering in the analyzer, in terms of focal plane polarizations, is [19] 
where I 0 (θ) is the unpolarized angular distribution, φ is the second scattering azimuthal angle and A c is the analyzing power of the 12 C(p,p ) reaction. A c depends on the second scattering polar angle θ and the proton kinetic energy T p . A c peaks between 10-20
• and goes to zero as θ goes to zero because the small angle scatterings are predominantly spinindependent multiple Coulomb scatterings; however, the 12 C(p,p ) elastic cross-section is dominated by these small-angle (< ∼ 3.5
• ) events. To eliminate such events the read-out electronics was equipped with a fast small-angle rejection system described elsewhere [20] .
The small-angle rejection system implemented a box cut on the second scattering coordinates x and y, resulting in azimuthally-biased small angle data. This bias was removed by a software cut that excluded events scattering through less than 7
• . Events with θ > 20
• were also excluded since A c is not well known at larger angles. Instrumental asymmetries of the FPP were separated from the physical asymmetries by elastically scattering unpolarized electrons from hydrogen. Any P n component to this data could only result from two or more photon exchange and would thus be negligible in comparison to instrumental effects; therefore, we treated any such component as an instrumental asymmetry and subtracted it from the P n component of the deuterium data. The A c values used to extract the physical asymmetries were 0.514 and 0.537 for the 0.38 and 0.50 (GeV/c) 2 Q 2 measurements, respectively. These were determined using a fit of the form developed by Aprile-Giboni et al. [19] on a database that included our IUCF calibration measurement and other similar measurements [19, 21] . The uncertainty in the measured proton polarization due to the analyzing power was 1.4% for the lower Q 2 measurement and 1.9% for the higher Q 2 measurement. The electron beam polarization was measured on a daily basis using a Møller polarimeter. It could also be determined from the hydrogen data using the G p E /G p M ratio as determined from the FPP. This ratio was used in eq. 1 to determine a value of D t . By then taking the ratio P t /D t the helicity was determined. These results agreed with the Møller data to within 2.0% and are shown in table I. The first error bars are statistical while the second are systematic.
The FPP measures only the two polarization components perpendicular to the proton momentum vector; however, they are each determined for both helicity states (+ and −) so that there are four observables at the focal plane: two helicity sums and two helicity differences [(P
. Because P and P t are helicity-dependent while P n is not, all three polarization components at the target can then be extracted by exploiting the spin mixing in the spectrometer magnets.
In order to extract the polarization components at the target from the focal plane polarizations it was necessary to model the spin precession in OHIPS. This was done utilizing the optics code COSY [22] which generated a trajectory-and energy-dependent spin precession matrix M such that P f p = MP tgt . To the extent that M · P tgt ≈ M · P tgt (found to differ by less than 1% in a Monte Carlo simulation using a realistic model of the deuteron), the method of least squares can be used to give the maximum likelihood estimate of the three polarization components at the target in terms of the four focal plane observables [23] . In a separate analysis, the Monte-Carlo program MCEEP [24] was coupled with several physics models [25, 26] to generate polarized scattering events appropriately weighted by their production cross-section over the full experimental acceptance. Using M, the polarization vector for each of these events was transported to the focal plane and their ensemble average then compared to the experimental data. Recoil polarizations at the target extracted using these two different methods were consistent with one another to better than 0.6%.
To facilitate the comparison between the hydrogen and deuterium data, the recoil momentum of the residual neutron for the deuterium data was restricted to the range 0-60 MeV/c. A precise subtraction of the polarization of accidental events was made for the deuterium data. Table II summarizes the experimental results for the hydrogen and deuterium targets. The first error bars are statistical while the second are uncorrelated systematic errors due to kinematic uncertainties and also uncertainties in the positions of the spectrometer magnets which affect the spin precession. Figure 1 compares these results with previous Rosenbluth separation measurements. The error bars represent the statistical and systematic errors added in quadrature. Our deuterium (solid diamonds) results are slightly offset in Q 2 from our hydrogen (solid circles) measurements to allow comparison. The data are in good agreement with previous Rosenbluth measurements. The previous measurements shown in the figure are from Höhler et al. [2] (open circles), Bartel et al. [4] (open square), and Janssens et al. [5] (Xs). The dot-dash [27] and short-dashed [28] curves are based on vector dominance models while the long-dashed curve [29] is based on an extended vector dominance model. Table III shows the measured polarization observables D , D t and P n for the proton and deuteron. Their systematic errors include, in addition to the previously mentioned kinematic and magnet position uncertainties, larger correlated errors due to uncertainties in the beam polarization (4%, which does not affect P n ) and the analyzing power.
The hydrogen and deuterium data agree with each other, which precisely confirms the validity of the Impulse Approximation at these kinematics. The deuteron data are consistent with theoretical calculations by Arenhövel assuming a dipole parameterization of the form factors that predicts negligible influence from FSI, MEC, and IC at our kinematics. [25] We have demonstrated that recoil polarization observables may be precisely determined at intermediate energies and, as these observables are inherently much more sensitive than spin-averaged ones to the presence of small amplitudes, this technique shows great promise for future measurements of, for example, G 
